SUMMARY
The Constitutive Reverter of eIF2α-phosphorylation (CReP) / PPP1r15B targets the catalytic subunit of protein phosphatase 1 (PP1c) to p-eIF2α to promote its dephosphorylation and translation initiation. Here, we report a novel role and mode of action of CReP. We found that CReP regulates uptake of the pore forming S. aureus α-toxin by epithelial cells. This function was independent of PP1c and translation, although p-eIF2α was involved. The latter accumulated at sites of toxin attack, and appeared conjointly with α-toxin in early endosomes. CReP localized to membranes, interacted with phosphomimetic eIF2α, and upon overexpression induced and decorated a population of intracellular
vesicles, characterized by accumulation of N-RH-PE, a lipid marker of exosomes and intralumenal vesicles of multivesicular bodies. By truncation analysis we delineated CReP´s
Vesicle -Induction /-Association Region (CAVIAR), which comprises an amphipathic α-helix and is distinct from the PP1c-interaction domain. CReP was also required for exocytosis from erythroleukemia cells and thus appears to play a broader role in membrane traffic. To sum, the mammalian traffic machinery co-opts p-eIF2α and CReP, regulators of translation initiation.
Phosphorylation of eukaryotic translation initiation factor 2 α (eIF2α) at S51 is a conserved cellular response to stress, which leads to attenuation of global translation, and overexpression of select genes (1) . This so called integrated stress response (ISR) serves multiple adaptive functions (2) . Levels of S51-phosphoeIF2α (p-eIF2α) are controlled through both phosphorylation and dephosphorylation. In mammalian cells, four eIF2α-kinases are known, which respond to different types of stress (2) . Dephosphorylation of p-eIF2α is mediated by the catalytic subunit of protein phosphatase 1 (PP1c) in complex with either of two regulatory subunits (PPP1r15A or B), known as GADD34 (growth arrest and DNA damage 34) and CReP (Constitutive Reverter of eIF2α-Phosphorylation), respectively. GADD34-2 expression is induced upon stress in a p-eIF2α-dependent manner to restart global translation after stress (3) . In contrast, CReP is expressed in unstressed cells. Whereas GADD34 knock-out mice appear normal, GADD34/CReP double knock-out mice do not survive gestation. CReP´s sole indispensible function during mammalian development is thought to be dephosphorylation of eIF2α, but rescue of fetal anaemia in CReP knock-out mice by the S51A-mutation of eIF2α was incomplete (4) . Knock down (KD) of CReP expression with siRNAs, or treatment with salubrinal (SAL), a selective inhibitor of eIF2α-dephosphorylation (5), were reported to promote survival of stressed cells (6) . However, sustained eIF2α-phosphorylation may also exert deleterious effects (7) .
Membrane damage caused by agents like pore forming toxins (PFT) or mechanical force represents an archetypal form of stress. Various signaling pathways of potential relevance to the defense against PFT have been identified (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Membrane traffic is critically involved in defenses against PFT (22) (23) (24) (25) , or other membrane damaging agents or forces (26) (27) (28) (29) (30) (31) (32) (33) (34) .
Comparison of the response to various toxins forming pores of different diameters indicated that pro-survival signaling involves both conserved (10) , and divergent pathways (10, 13, 35) . Similarly, specifics of membrane traffic during repair may depend on the membrane damaging agent (22) (23) (24) (25) 27) .
The small β-barrel pore forming α-toxin is an important virulence factor of S. aureus, (36,37). It is secreted as a 34 kD monomeric protein which upon binding to susceptible target cells forms a heptameric transmembrane pore (7mer) with an inner diameter of ~1.5 nm (38). Various proteins and lipids have been implicated in binding, oligomerization of α-toxin, and in membrane perforation by this pore former (39-42). The membrane-inserted 7mer is remarkably resistant to SDS and proteolysis (43), allowing it to be faithfully traced after binding to cells (25) . We found that cells remove α-toxin porecomplexes from their plasma membrane (PM) by endocytosis (25) , and second that the dramatic ATP-loss following perforation is contained by a vital autophagic response which depends on phosphorylation of eIF2α (44) .
In this context we became interested in the role of eIF2α-dephosphorylation for the cellular response to α-toxin. That inhibition or silencing of CReP aggravated energy loss in target cells of α-toxin prompted us to investigate the underlying mechanism. Ultimately, this led to the discovery that CReP impacts membrane traffic, and that it does so in a PP1c-independent fashion.
EXPERIMENTAL PROCEDURES
Antibodies, plasmids and chemicalsAntibodies against phospho-S51-eIF2 (peIF2) and eIF2 were from Abcam (immunofluorescence) and Cell Signaling Technology (Western blot). Antibodies against GADD34, Nck1/2, Histone H1, Vimentin, PP1c, CD71 (for Western blot), and AChE were purchased from Santa Cruz Biotechnology. Anti-PPP1R15B, -E-Cadherin, --actin and -Hsp90 were from Proteintech Group, Monosan, Sigma and StressMarq, respectively. Anti-human CD71-FITC was from eBioscience, AlexaFluor®-conjugated and HRP-conjugated secondary antibodies were from Molecular Probes and Cell Signaling Technology. Plasmid encoding human CReP was purchased from imaGenes and CReP cDNA was subcloned into p3xFLAG-CMV-10 (Sigma), EGFP-C1 or dsRED-C1 (CLONTECH Laboratories, Inc.). EGFP-tagged, truncated versions of CReP were made by PCR-amplification of the respective fragments, and subcloning into pEGFP-C1. pEGFP-eIF2, pEGFP-eIF2S51A, pEGFPeIF2S51D were generated by excision of the corresponding cDNAs from pCDNA3-CD2-eIF2wt, or the corresponding plasmids carrying the mutant versions of eIF2 (Novoa et al, 2001), obtained from Addgene, and cloning into pEGFP-C1 (CLONTECH Laboratories, Inc.); pEGFP-eIF2S51D-NTD and pEGFP-eIF2-CTD encode the EGFP-tagged N-terminal domain of eIF2S51D, and the EGFP-tagged Cterminus of eIF2, respectively; these plasmids were made by PCR-amplification of the N-or Cterminal halves of EGFP-eIF2S51D, TAcloning into pGEM-T (Promega) and subcloning into pEGFP-C1. The plasmids pEGFPRab5Q79L and pEGFP-Rab5wt were kindly provided by Dr. Marino Zerial. The following small interfering RNAs and control siRNA were from Qiagen:
5'-GGCGUAUCCGUUCUAUCAATT-3'; GCN2: 5'-CAAGGUUAAGUCUUUCGAGAA-3'. PP1c-siRNA (sc-36299) was from Santa Cruz Biotechnology, PKR-siRNA (5'-GACGGAAAGACUUACGUUATT-3') was from Ambion. Salubrinal (SAL), cyclohexamide 3 (CHX) and palytoxin (PAL) were obtained from Calbiochem; chloramphenicol was from Sigma. S. aureus α-toxin, radiolabeled and fluorescently labeled α-toxin were made as published (25, 44) .
Cells, culture-and treatment conditions, transfections -Culture, toxin-treatment and transfection of non-virally transformed human keratinocytes, HaCaT were as described (25, 44) . In brief: HaCaT cells, non-virally transformed human keratinocytes (45), were grown in DMEM with 10% fetal calf serum in a humidified incubator with 5% CO 2 . Normal human epithelial keratinocytes (NHEK; PromoCell) were grown in keratinocyte growth media 2 (PromoCell) and experiments were carried out with cells in the third and fourth passage. Unless stated otherwise, subconfluent grown HaCaT cells were loaded with 1 µg/ml α-toxin (or 2 µg in the case of fluorescently labeled toxin) at 4°C for 40 min, washed and incubated at 37°C for various times. Inhibitors were added 1h prior to toxin-loading and were present throughout the experiments. For uptake studies with internally radio-labeled or fluorescently labeled -toxin, cells were loaded at 4°C with 1g/ml, or 2 g/ml -toxin, respectively. Although at 37°C, the permanent presence of toxin at these doses would kill HaCaT cells, this is not the case at 4°C: under these conditions, toxin binds to the cell surface without forming pores. Before shifting toxin-loaded cells to 37°C, cells were washed to eliminate unbound toxin. Shifting toxin-loaded cells to 37° C leads to a pronounced drop of cellular ATP, but levels return to normal within hours, and cells remain viable. Assays for intracellular ATP were performed as published elsewhere (46).
Red blood cell lysis assay -Rabbit erythrocytes in PBS containing 1% BSA were incubated with -toxin at various concentrations in the presence or absence of 40 µM salubrinal for 30 min at 37 °C. After centrifugation, supernatants were transferred to 96-well plates and haemoglobin release was measured at OD 415nm .
Experiments with K562 cells -K562 cells (human erythromyeloblastoid leukemia cell line; ACC-10;DSMZ), transfected with control siRNA, PP1 siRNA or CReP siRNA for 48h, were incubated in 10 ml RPMI medium with 10 % FBS (Gibco) at 37°C for 24h.
Transient transfection -Cells were transfected with double-stranded siRNAs by using the AMAXA-system (Lonza) according to the manufacturer's protocol. Transfection of plasmids was done with jetPEI™ (Polyplus transfection SA) as recommend by the supplier.
Small interfering RNA for PPP1R15B was as published (6) .
Metabolic labeling of nascent proteinsIncorporation of L-[
35 S] methionine into proteins was determined as described (47). HaCaT cells were seeded at a density of 3.5 x 10 5 cells per well into 6-well plates. Cells were treated with 100 ng/ml α-toxin in DMEM plus 10% FBS for 1 h and were starved in DMEM lacking methionine (Invitrogen). After 15 min, cells were pulse-labeled with L-[
35 S] methionine at a concentration of 10 µCi/well for 30 min, after incubated for 1h at 37°C, cells were washed and analysed for incorporation of the label or incubated in toxin-free medium for additional 3h prior to analysis. To detect newly synthesized proteins by fluorescence microscopy, we employed bioorthogonal noncanonical amino acid tagging (BONCAT) (48); metabolic labeling with L-azidohomoalanine and alkynebased fluorescent labeling of nascent proteins was done as detailed in the protocols of the Click-IT ® kit (Invitrogen). Western blots -For Western blots cell lysates were mixed with 2xSDS-loading buffer (10% (v/v) glycerol, 5% (v/v) 2-ME, 2% (w/v) SDS, and bromophenol blue) and boiled for 5 min at 95°C. Proteins were separated by SDS-PAGE (10%) and electro-blotted onto nitrocellulose membrane. After blocking for 1h at RT in 5% BSA (w/v) or 5% skim milk (w/v) in TBST, membrane was incubated with first antibody over night at 4°C, washed three times in TBST and incubated with HRP-conjugated second antibody for 1h at RT. After three washing steps bound antibody was detected by ECL (Roche). Intensity of bands was measured using ImageJ software (NIH, Rasband, 1997 Rasband, -2011 .
(Co)-immunoprecipitation -Two types of co-IP experiments were performed: first, antibodies agains p-eIF2α, CReP or GFP were used to coimmunoprecipitate radio-labeled α-toxin from lysates of treated cells; in a second approach, immobilized anti-EGFP was used to test whether radio-labeled toxin co-isolates together with EGFP-(fusion proteins) from lysates of transfected cells. For co-IP of -toxin, cells were loaded with 35 S-methionine-labeled -toxin (1 µg/ml) for 40 min at 4°C. Unbound -toxin was removed by two washing steps with ice cold PBS, DMEM was added and cultures were incubated for 10 and 20 min at 37°C. Cells were washed, harvested by using a cell-scraper and collected by centrifugation. The cell pellet was lysed in lysis buffer (50 mM TrisCl pH 7.4; 300 mM NaCl; 2% NP-40; protease inhibitor cocktail (Roche) and phosphatase inhibitor 4 cocktail (Roche)) and pre-cleared by incubation with Protein A/G-agarose (Santa Cruz) at 4°C for 3 h. The lysate was divided into four aliquots, 1 µg rabbit antibody against -toxin (Sigma), phospho-eIF2 (Cell Signaling Technology), PPP1R15B (Proteintech Group) or control rabbit antibody were added to each aliquot and the mixtures were incubated for 2 h at 4°C. After addition of Protein A/G-agarose and incubation overnight at 4°C, immunocomplexes were washed and eluted from agarose beads by incubation in Laemmli-buffer without -mercaptoethanol for 10 min at 50°C; aliquots were combined. Monomers and SDS-stable 7mers were separated by electrophoresis, and detected by fluorography. For experiments involving IP of EGFP-tagged proteins (wild type, mutated, truncated eIF2; wild type CReP), the respective EGFP-fusion proteins were transiently expressed in HaCaT cells; lysates were obtained and subjected to immunoprecipitation (IP) with immobilized monoclonal anti-GFP according to the supplier (GFP-tagged Protein Isolation Kit; Miltenyi Biotec); CReP was detected by Western-blot, 35 S-methionine-labeled -toxin by fluorography.
Differential detergent lysis -Differential detergent lysis was performed with the subcellular proteome extraction kit (S-PEK) from Millipore according to the protocol of the supplier.
Sequential Neutravidin-pull-down / Immunoprecipitation -To analyse toxindependent association of p-eIF2α with the PM, cells were treated with unlabeled α-toxin, subsequently surface-biotinylated with EZ ® -Link Sulfo-NHS-SS-Biotin (Thermo Scientific), and lysates were subjected to affinity-purification with NeutrAvidin Agarose Resin according to protocols provided by the supplier (Thermo Scientific). The precipitated material was dissolved in SDS-loading buffer and analysed by Western-blot; bands were quantified by densitometry using ImageJ. For semiquantitative detection of changes of surface-exposed or internalized α-toxin, cells were loaded with internally 35 S-methionine-labeled α-toxin (1 µg/ml), incubated for various times and surfacebiotinylated with EZ ® -Link Sulfo-NHS-SSBiotin. Labeled surface proteins were affinitypurified with NeutrAvidin Agarose Resin. Nonbiotinylated α-toxin in the flow-through was immunoprecipitated with antibodies against α-toxin (Sigma). SDS-stable α-toxin 7mers were separated from α-toxin monomers electrophoresis, detected by fluorography and quantified by liquid scintillation counting (25) . Exosome preparation and Acetylcholinesterase (AChE)-assay -Supernatants of K562 cells were centrifuged at 10,000g to remove cell debris and subsequently at 100,000g for 2 h at 4°C to collect exosomes, which were washed with PBS and finally resuspended in 100 µl PBS. Acetylcholinesterase activity assay was done as described (49). 50 µl exosome fraction and 200 µl of 1.25 mM acetylthiocholin iodide, 0.1 mM 5-5-dithio-bis(2-nitrobenzoic acid) (Sigma) in PBS were pre-warmed for 10 min at 37°C. Both solutions were mixed and changes in absorption at 450 nm were measured at room temperature for 1 h with a plate reader spectrophotometer.
Flow cytometry -Cells were harvested by centrifugation at 800g for 5 min and pellets washed with PBS, fixed with 2% paraformaldehyde and incubated with FITCcoupled anti-human CD71 antibody (eBioscience) for 1 h at room temperature in the dark. After two washing steps with PBS, cells were analyzed using a FACScan Flow Cytometer (Becton Dickinson) and CellQuest software; 10.000 cells were analyzed per run.
Immunofluorescence (IF) microscopy -Cells grown on glass cover slips were fixed with 2% paraformaldehyde in PBS for 10 min at room temperature and permeabilized with 0.1% Triton X-100 for 10 min. Indirect immunofluorescence staining was performed with Alexa488-, Alexa647-or Alexa594-conjugated secondary antibodies, and cover slips were mounted on slides using Fluoroprep (bioMérieux® SA). Confocal images were captured with a Zeiss 510Meta microscope equipped with a PlanApochromat 63x/1.4 oil objective. Wide field microscopy was carried out with a Zeiss Axiovert 200M epifluorescence microscope and a Plan-Apochromat 100x/1.4 oil objective. Epifluorescence microscopy digital images were acquired with a Zeiss Axiocam; iterative deconvolution of z-stacks and colocalization analyses were performed with tools of Axiovision and Metamorph software; further image processing was done with Axiovision software and Adobe Photoshop. To evaluate juxtaposition of total membrane-bound toxin and p-eIF2 the fraction of pixels corresponding to total membrane-bound -toxin expected to be juxtaposed by chance to p-eIF2 in planes z2 through z6 was calculated and compared with the actual overlap. The colocalization tool of Axiovision was employed with automatic 5 thresholding to generate dot plots, and to determine Pearson´s correlation coefficient.
Replicates and statistical analysis -Unless stated otherwise, data displayed are from ≥ 3 independent experiments. Student's t-test was employed to assess statistical significance of differences between mean values. Significance was assumed at p < 0.05.
RESULTS
A translation-independent function of CRePPreviously, we found that α-toxin causes rapid phosphorylation of eIF2 in a human keratinocyte cell line, HaCaT (44). This response is concentration dependent (Fig 1 A) , and not observed with pore dead mutant D152C that still binds to cells (Fig 1 B) . SAL, an inhibitor of eIF2-phosphatase, enhances phosphorylation of eIF2 in α-toxin-treated cells (Fig 1 C) . To examine a potential effect on the metabolic recovery from membrane perforation by S. aureus α-toxin, we assessed the effect of SAL on toxin-loaded cells. The characteristic course of ATP-loss and recovery after α-toxinattack was altered in the presence of the eIF2α-dephosphorylation inhibitor, in that initial ATPloss was slightly enhanced, and recovery was markedly inhibited (Fig. 1D ). In striking contrast to SAL, CHX neither prevented replenishment of ATP, nor did it mitigate the adverse effect of SAL (Fig. 1E ). SAL did not increase haemolytic power or heptamer-formation (Fig. 1F, G) . The efficacy of the treatments (SAL, CHX) was verified by metabolic labeling. Predictably, CHX prevented 35 S-methionine incorporation into newly synthesized proteins ( Fig. 1H ) and blocked expression of GADD34 (Fig. 1J) , one of the proteins known to be over-expressed when eIF2α is phosphorylated. Although SAL alone did not significantly affect 35 S-methionine incorporation into nascent proteins, it enhanced the inhibitory effect of α-toxin on 35 S-methionine incorporation. SAL also prevented the rebound of 35 S-methionine incorporation that was observed at ~3 h after removal of α-toxin (Fig.  1H ). It was concluded that the inhibitory effect of SAL on metabolic recovery of α-toxin-treated cells was not due to inhibition of translation.
The foregoing results could either reflect a heretofore unknown off-target effect of SAL, or, alternatively, a novel role of one of its genuine targets, that is not related to the inhibition of translation. Of the two established targets of SAL, GADD34 became detectable only after 2 h of toxin-treatment (Fig. 1J) ; in contrast, CReP is constitutively expressed (6) . Because SALdependent reduction of ATP-levels became observable already 45 min after addition of α-toxin (Fig. 1D) , we reasoned that KD of CReP might suffice to phenocopy the effect of SAL on ATP-levels in α-toxin-treated cells. KD of CReP expression in HaCaT cells was efficient (Fig.  1K) , and led to increased phosphorylation of eIF2α in toxin-treated cells (Fig. 1L ). More importantly, it inhibited replenishment of ATP (Fig. 1M) . Because metabolic recovery of target cells was independent of translation, this suggested that CReP serves a novel function, in addition to regulation of translation initiation.
Stress-signaling in response to α-toxin, including eIF2α-phosphorylation, depends on the efflux of potassium ions (44,50). Therefore we tested whether inhibition or ablation of CReP also enhances energy-loss in response to palytoxin (PAL), which converts the Na + /K + -pump to a channel (51). Neither SAL nor KD of CReP enhanced PAL-dependent ATP-loss, although PAL triggered phosphorylation of eIF2α (data not shown). This ruled out that the adverse effect of SAL or CReP-KD on survival of α-toxin-treated cells was due to inhibition of some general function of CReP for energyhomeostasis.
CReP, but not PP1c regulates uptake of α-toxin -If not by modulation of translation, or through a general effect on energy homeostasis, how could inhibition or ablation of CReP impair metabolic recovery from α-toxin attack? Because we had previously found that endocytosis of α-toxin is vital for metabolic recovery of target cells (25), we wondered whether SAL or KD of CReP might corrupt the traffic-machinery required for internalization and neutralization of S. aureus α-toxin.
Fluorescence microscopy was employed to glean information on binding and uptake of α-toxin after treatment with SAL. Although SAL did not inhibit binding of fluorescently labeled α-toxin to the PM, juxtanuclear accumulation was attenuated, while CHX remained without effect ( Fig. 2A) .
In order to confirm this result by an independent approach, and to clarify how far inhibition of uptake also pertained to toxin oligomers, we developed a protocol based on 35 S-methionine-labeled α-toxin, surface-labeling and sequential NeutrAvidin-pull down/ immunoprecipitation (NP/IP), (Fig. 2B ). This protocol allowed us to quantify internalization of presumed pore complexes -SDS-stable heptamers (7mers) -and to detect potential changes of uptake in response to any treatments. Accumulation of SDS-resistant 7mers in cells was markedly suppressed by SAL (Fig. 2C ). For 6 quantification of this effect, we measured intracellular accumulation of 7mer between .25 h (rather than 0 h; because of the late onset of internalization) and 2 h after loading of cells with toxin at 4°C. Uptake was decreased in the presence of SAL (Fig. 2D, E) ; consistently, more α-toxin remained accessible to surfacebiotinylation after 2 h at 37°C (Fig. 2D , left panel). To sum, the biochemical approach confirmed the microscopic data, and extended them by indicating that SAL inhibits internalization of α-toxin oligomers.
Importantly, KD of CReP expression recapitulated the effect of the inhibitor, SAL, on the formation of juxtanuclear toxin clusters (Fig.  2F ). In contrast, KD of the catalytic subunit, PP1c, was without effect (Fig. 2F ). Yet, KD of PP1c was efficient ( Fig. 2G ) and caused hyperphosphorylation of eIF2α in toxin-treated cells (Fig. 2H ). In line with the failure of PP1c-KD to reduce juxtanuclear accumulation of α-toxin, calyculin A (CAL), an inhibitor of PP1c, was also without effect on toxin uptake (data not shown). Consistent with microscopy data, KD of CReP, but not of PP1c markedly reduced accumulation of SDS-stable oligomers in cells (Fig. 2J, K) , while they were retained on the surface. This provided conclusive evidence that CReP, but not PP1c regulated internalization of α-toxin oligomers.
That the inhibitory effect of CReP-KD or SAL on uptake of toxin was not replicated by PP1c-KD or treatment with CAL, argued against a role of sustained phosphorylation of eIF2α as the underlying mechanism. This conclusion was confirmed by employing phosphomimetic eIF2α-mutant eIF2αS51D (52): Plasmids expressing EGFP-tagged versions of eIF2αS51D, or wild-type eIF2α were generated, and uptake of α-toxin was studied by fluorescence microscopy in cells transfected with these constructs. By using metabolic labeling with L-azidohomoalanine and alkynebased fluorescent labeling of nascent proteins, it was verified that EGFP-tagged eIF2αS51D inhibits the synthesis of proteins in transfected cells (Fig. 3A) . However, internalization of fluorescently labeled α-toxin was not blocked by EGFP-eIF2αS51D (Fig. 3B) .
Thus, neither inhibition of translationinitiation nor sustained phosphorylation of eIF2α explained the inhibitory effect of SAL, or CReP-KD on the internalization of α-toxin. Therefore, CReP´s novel role as a regulator of an endocytic process relied on an unorthodox mode of action, not related to dephosphorylation of eIF2α.
EIF2α and eIF2α-kinases regulate uptake of α-toxin -That CReP´s role for the internalization of α-toxin did not depend on its established mode of action, provoked the question, whether CReP´s established target, (p)-eIF2α, was involved at all. Therefore we assessed uptake of α-toxin following siRNAmediated KD of eIF2α or eIF2α-kinases. KD of eIF2α was verified by Western blot (Fig 3C) . Although binding of fluorescently labeled α-toxin to the PM remained unaltered, juxtanuclear accumulation of toxin was reduced by this treatment (Fig. 3D) . Also, internalization of radio-labeled α-toxin 7mers was inhibited by KD of eIF2α (Fig. 3E, F) , and metabolic recovery of the cells was impaired (Fig. 3G) . Double-KD of GCN2 and PKR, two eIF2α-kinases triggered by α-toxin (44), produced a similar effect as KD of eIF2α. GCN2/PKR double-KD (Fig. 3H ) inhibited toxin-dependent phosphorylation of eIF2α (Fig. 3J) , and intracellular accumulation of SDS-resistant toxin oligomers was again reduced (Fig. 3K, L) .
Phospho-eIF2α is recruited to the PM of perforated cells -To elucidate the role of peIF2α for internalization of α-toxin, we wished to employ two-colour fluorescence microscopy. That anti-p-eIF2α faithfully detects its target in IF-applications was demonstrated by a twopronged approach: HaCaT cells were transfected with EGFP-tagged versions of eIF2α, or the nonphosphorylatable mutant eIF2αS51A, immunostained with anti-peIF2α and examined by fluorescence microscopy; second, Western-blot with anti-peIF2α was performed following siRNA-mediated KD of eIF2α. The data, summarized in Fig. 4 , show that the antibody against p-eIF2α is suitable for IF-experiments.
By confocal microscopy we next compared localization and intensity of p-eIF2α staining in untreated vs. toxin-treated cells. Untreated HaCaT cells yielded some immunoreactivity of nuclei (Fig. 5A) ; we also noticed nuclear staining in similar IF-images of Cos7 or DU-145 cells published earlier (53). When HaCaT cells were treated with α-toxin, p-eIF2α immunoreactive material relocated to the PM (Fig. 5A) , and fluorescence intensity increased (Fig. 5B) .
To confirm that p-eIF2α was indeed recruited to the PM, and to determine whether this involved physical interaction of p-eIF2α with the PM we employed cell surface labeling. Cells were treated with a membrane-impermeant biotinylation-reagent, and lysates were subjected to NeutrAvidin-pull-down (NP) as outlined in Fig. 5C . Recovery of p-eIF2α by NP from lysates of α-toxin-treated cells was selectively 7 increased by surface-biotinylation (Fig. 5D, E) , supporting the notion that p-eIF2α in α-toxintreated cells associates with the PM.
P-eIF2α and α-toxin become juxtaposed at the PM and jointly appear in early endosomesThat phosphorylation of eIF2α in toxin-treated cells depends on pore formation, and that it associates with the PM in toxin-treated cells raised the possibility that p-eIF2α was formed at, or recruited to the site of toxin-attack. In order to visualize the spatial relationship of p-eIF2α and α-toxin, cells were briefly incubated with Alexa546-conjugated α-toxin and stained for peIF2α. Fluorescence microscopy revealed that the majority of large AlexaFluor546-positive puncta at the PM (plane z2) were juxtaposed to p-eIF2α positive puncta in planes z2-z6 (Fig.  6A , and supplementary movie 1); and overlap even of the total AlexaFluor546-signal in z2 with AlexaFluor488 (p-eIF2α) in z2 through z6 was 2.2-fold higher than expected by chance. A similar pattern as in HaCaT was observed in normal human epidermal keratinocytes (data not shown).
Previously, we have shown that α-toxin is endocytosed by epithelial cells (25) ; and in C. elegans, Rab5, a small GTPase involved in endocytosis and homotypic vesicle fusion of early endosomes (54,55), proved to be important for cellular defenses against small pore forming toxins (22) . Therefore we wondered whether peIF2α might be present in Rab5-positive, early carriers of α-toxin. When cells were transfected with EGFP-tagged Rab5, and treated with Alexa546-α-toxin, numerous puncta doublepositive for EGFP-Rab5 and Alexa546-α-toxin were observed under the microscope (Fig. 6B) . Double positive puncta were virtually absent from control cells treated with Alexa546-α-toxin-treated cells and immuno-stained for Nck (Fig. 6C) . Conjoint presence of α-toxin and peIF2α in the membranes of early endosomes was subsequently demonstrated by employing Rab5-Q79L, which leads to the formation of enlarged endosomes (56), (Fig. 6D) . To sum, α-toxin induces focal accumulations of p-eIF2α at the PM; and toxin and p-eIF2α jointly appear in early endosomes.
Interactions between CReP, eIF2α and α-toxin -Given the close spatial relationship of peIF2α and α-toxin, it appeared likely that the role of CReP for endocytosis of α-toxin, although based on an unorthodox, PP1-c-independent mechanism, involved interaction of CReP with its established target, p-eIF2α. That CReP can interact with phosphorylated eIF2α seems to be inferred from the known function of these proteins, but this important detail has actually not been established yet. Because the interaction would be of relevance in the present context, we sought experimental evidence by co-IP. To avoid the potential problem that the presumptive peIF2α/CReP-complex escapes detection because of rapid dephosphorylation of p-eIF2α we employed phosphomimetic eIF2αS51D as bait. Cells were transfected with plasmids encoding EGFP-tagged eIF2αS51D, or N-terminally EGFP-tagged fusion products of the N-or the Cterminal halve of eIF2α, or EGFP alone. Lysates of transfected cells were subjected to precipitation with immobilized anti-GFP, and precipitates were analysed by Western-blot for CReP. As shown in Fig. 7A , CReP was coprecipitated with tagged, full-length eIF2αS51D, suggesting that intact p-eIF2α will interact with CReP.
To probe for potential direct or indirect physical interactions between toxin and p-eIF2α or CReP, we then performed co-IP experiments with 35 S-methionine-labeled α-toxin. Cells were treated with labeled α-toxin for 10 min or 20 min, and lysates were subjected to IP with antip-eIF2α, anti-CReP, or control-antibodies. The precipitate was analysed by fluorography following separation of proteins by SDS-PAGE. Labeled α-toxin was co-precipitated with anti-peIF2α, and also with anti-CReP, but to a much lesser extent with an irrelevant antibody (anti-EGFP) (Fig. 7B) . Notably, co-precipitation of α-toxin with anti-p-eIF2α was more efficient when cells were incubated with toxin for 20 min as compared to incubation for 10min, in line with the kinetics of toxin-dependent eIF2α-phosphorylation, thus underscoring the fidelity of this co-IP. In a different co-IP approach we transfected HaCaT cells with EGFP-tagged eIF2αD, EGFP-CReP, or EGFP alone, incubated these cells with radio-labeled toxin, pulled out the fusion proteins from lysates with immobilized anti-EGFP (eliminating a potential bias due to the use of different antibodies in the first co-IP approach) and visualized the radiolabeled α-toxin co-isolating with EGFP(-fusion proteins) by fluorography. EGFP recovered little amounts of α-toxin. EGFP-CReP yielded only slightly more, suggesting that the tag might hinder interaction of CReP and toxin. In contrast, EGFP-eIF2αD efficiently coprecipitated α-toxin (Fig. 7C) , supporting the idea that α-toxin and p-eIF2α may directly or indirectly interact. Expression of the transfected proteins was verified by Western-blot (Fig. 7C lower panels).
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Based on the foregoing data, we reasoned that p-eIF2α accumulating at sites of toxin attack could recruit CReP, which in turn might promote endocytosis of toxin by an unknown, PP1c-independent mechanism. Although low endogenous levels of CReP precluded faithful detection by IF microscopy, transiently transfected Flag-CReP was found to accumulate next to α-toxin at the PM (supplementary movie 2).
Endogenous CReP is associated with membranes; overexpression induces vesiclesAlthough the data of Fig. 2 
Few interaction partners of CReP have been identified (57,58). Among them, we considered the adapter protein Nck to be a potential candidate that could confer CReP-dependent uptake of α-toxin (57), because it also binds to caveolin (59), a known interaction partner of α-toxin (60), and second, because Nck has recently emerged from a large scale analysis (10) as a gene product relevant for defense against small pore-forming toxins in C. elegans. However, because we did not detect colocalization of Nck with α-toxin (Fig. 6C) , we sought alternative explanations for CReP-dependent endocytosis of α-toxin.
So, we asked whether endogenous CReP localizes to membranes. Western-blot analysis of differential detergent lysates showed that CReP was actually almost confined to the membrane fraction (Fig. 8A ). Surface biotinylation, followed by Western blot analysis of Neutravidin-precipitable proteins revealed that CReP´s membrane association also pertained to the PM (Fig. 8B) .
Next, we examined cells transiently overexpressing CReP by IF-microscopy. Strikingly, transfected cells contained numerous vesicles decorated with CReP (Fig. 8C ). These vesicles were not an artefact due to fixation or permeabilization, because fluorescence microscopy of unfixed, unpermeabilized cells, transfected with an N-terminally EGFP-tagged version of CReP yielded the same result (Fig.  8D) .
Delineation of CReP´s Aminoterminal Vesicle Induction / Accumulation Region
(CAVIAR) -Truncation analysis revealed that the N-terminal-most 140 amino acids of CReP are both necessary and sufficient to confer upon EGFP the ability to associate with vesicles ( Fig.  8D-F) : C-terminal truncations retained this phenotype, while it was lost in EGFPCReP(140-720), (Fig. 8D) . In control cells expressing EGFP alone; nuclei and cytoplasm were diffusely stained; no fluorescent vesicles were discerned (Fig. 8E) . Using differential interference contrast optics we found that expression of EGFP-CReP(1-140) not only labeled intracellular vesicles, but significantly increased the number of vesicles per cell, as compared to EGFP alone (Fig. 8E-H) .
The amino acid sequence of CReP´s Nterminus is highly conserved (Fig. 9A) . Analysis with the algorithm of Petersen et al. (61) predicted an amphipathic α-helix (Fig. 9B) . Consistent with the fact that the N-terminus is distal from -and unrelated to -CReP´s PP1c-interaction domain, silencing of PP1c did not prevent decoration of vesicles with EGFPCReP(1-140), (Fig. 9C) . Deletion of the -helix almost abolished vesicle induction, although EGFP-CReP(1-140)Δαhelix appears to retain the ability to associate with membranes, as it tended to accumulate in the cell periphery (Fig. 9D) . To sum, CReP´s N-terminus confers association with and induction of vesicles; therefore we term the domain spanning amino acids 1-140 CReP´s Amino-terminal Vesicle Induction / Accumulation Region (CAVIAR).
Intralumenal accumumulation of N-Rh-PE in Vesicles decorated with CReP (VDC) -Although overexpressed (EGFP-)CReP induced
and decorated vesicles, it was also present in reticular structures, reminiscent of the ER. Cotransfection of EGFP-CReP, or EGFPCReP and DSRed-ER revealed significant overlap (Fig. 10A) ; but some vesicles decorated with CReP (VDC) were devoid of the ER-marker (supplemental movies 3 and 4).
Because the diameter of VDC was similar to that of MVB (~0.5 µm), and because a subpopulation of MVB may be derived from the ER (62), we studied the distribution of N-Rh-PE, a fluorescent lipid marker of intralumenal vesicles of multivesicular bodies and of exosomes, in cells expressing EGFP-CReP. Intriguingly, N-Rh-PE accumulated in the lumen of VDC (Fig. 10B) .
A role of CReP for exocytosis from erythroleukemia cells -The above finding prompted us to investigate whether CReP might impact exocytosis. Because it would be difficult to distinguish a potential inhibitory effect of 9 CReP-KD on exocytosis of α-toxin from the inhibitory effect of CReP-KD on toxininternalization, we chose another experimental system for this purpose. The human erythroleukemia cell line K562 has provided important insights into exocytosis and into the role of MVB in this process (63-66). Levels of acetylcholinesterase (AChE) released by K562 cells via exosomes can be conveniently quantified by a colorimetric assay. We transfected K562 cells with scrambled siRNA, or siRNAs targeting CReP or PP1c and confirmed knock down by Western-blots (Fig. 10C) . Exosome preparations from cells treated with siRNAs targeting CReP contained significantly lower AChE-activity (Fig 10D) , and also lower amounts of AChE protein (Fig. 10E ) as compared to control cells, or cells treated with siRNAs targeting PP1c, although AChE in lysates was even increased in CReP-KD cells (Fig. 10E) . Similarly, actin -another regular constituent of exosomes -was decreased in the exosome preparation but not in lysates of CReP-KD cells. This suggested that exocytosis in K562 cells was under control of CReP.
If this was because CReP aided fusion of MVB with the PM, KD of CReP would be expected to also inhibit recycling of internalized membrane receptors, like transferrin receptors (TrfR), and thus lower the abundance of receptor molecules on the cell surface. On the contrary, if CReP promoted exocytosis by generally increasing inward budding at endosomal membranes, KD of CReP would be expected to reduce exosomal release of TrfR from cells so that levels of total TrfR and/or TrfR on the cells surface might even increase. Expression of TrfR was not changed after ablation of CReP (Fig.  8E ), but the abundance of TrfR on the cell surface was significantly lowered (Fig. 10F) . Therefore, a role of CReP in MVB/PM fusion would seem more likely than a role in inward budding; other mechanisms may also play a role. At any rate, the data confirmed that CReP impacts membrane traffic.
DISCUSSION
The present study uncovers a role of PPP1R15B/CReP in membrane traffic. Surprisingly, this does not rely on PP1c or CReP´s established function as a regulatory subunit of eIF2α-phosphatase. The novel role of CReP surfaced when we studied cell autonomous defenses against α-toxin, a structurally well characterized small pore forming toxin, which is thought to be of great significance for the pathogenesis of diseases caused by S. aureus. CReP´s role for membrane traffic was further substantiated by the observation of CReP-dependent vesiculation, and CReP-dependent exocytosis from erythroleukemia cells, two additional PP1c-independent functions. The data, summarized in Fig. 10G , add unexpected twists to the emerging picture of an intricate relationship between translation and traffic. Previous studies had shown that membrane stress inflicted by mutations in sec or end genes in yeast, or by chlorpromazine in mammalian cells elicit phosphorylation of eIF2α (67,68). Not only do PFT too trigger phosphorylation of eIF2α (44), but as shown here, the archaic stress-response is exploited to promote removal of pores by endocytosis. Recently, mTORC1, a master regulator of translation has been found to control endocytosis (69) (70) (71) . However, in contrast to mTORC1, CReP and (p-)eIF2α appear not to impact endocytosis by regulating translation. Rather, the traffic machinery co-opts these proteins. This may offer critical advantages for target cells of PFT: Like translation, traffic involves highly energy consuming processes (72) . As shown here and in previous work (35, 73) , translation is dispensable during the acute phase of membrane repair, but membrane traffic is vital (22, 24, 25) . Not only would downregulation of translation initiation next to membrane lesions conserve local ATP-supplies required for timely removal of pores, but peIF2α itself could be exploited for the uptake process. The observed juxtaposition of p-eIF2α to clusters of membrane-bound toxin, the conjoint presence of toxin and p-eIF2α in early endosomes and the reduced uptake following KD of p-eIF2α all imply that p-eIF2α is indeed important for uptake of -toxin. The importance of spatial organization of signals emanating from the PM, and the role of signaling foci has recently been highlighted (74) . That traffic and translation are spatially coordinated is further suggested by the observation that the trypanosomal eIF2α-kinase TbeIF2K1 is located at the flagellar pocket (75) the exclusive site of endocytosis and exocytosis in that organism.
In retrospect, it seems that our experimental paradigm was well suited to uncover the role of CReP and eIF2α for endocytosis, because α-toxin served as both, a traceable cargo and a trigger of eIF2α-phosphorylation.
S. aureus colonizes mucosa or skin of a large fraction of the human population, and this organism may cause life-threatening disease even in the immunocompetent (76) . Alpha-toxin is expressed by the majority of clinical isolates 10 of S. aureus and is a major secreted virulence factor of this bacterium. Signaling pathways have been shaped by the co-evolution of hosts and pathogens (77) . It is conceivable that the selective pressure exerted by α-toxin may have driven evolution of a dedicated defense mechanism involving CReP-dependent uptake of this toxin, but similar, non-canonical roles of CReP in traffic may also play a role for handling of other cargo, including some other PFT. We propose that the role of p-eIF2α during CRePdependent uptake is to mark sites of membrane attack: Synopsis of the following results supports this concept: p-eIF2α accumulated at sites of toxin-binding to the PM; second, phosphorylation of eIF2α in response to toxin depends on membrane perforation, and third, peIF2α interacts with α-toxin in co-IP experiments. Straightforwardly, CReP would then be recruited to its target, p-eIF2α accumulating next to membrane lesions. That peIF2α was shown to interact with both toxin and CReP in co-IP-experiments supported this concept.
CReP´s effect on constitutive exocytosis in erythroleukemia cells indicated that CReP is of broader significance for membrane traffic. As reduction of membrane tension by non-secretory exocytosis of internal membranes is critical for endocytosis (78) the finding also provides an alternative mechanistic explanation for CReP´s role in endocytosis of α-toxin. Of note, both endo-and exocytosis have been implicated in the response to PFT (22, 24, 25) .
The fact that CReP associates with membranes, including the PM, and upon overexpression induces and decorates intracellular vesicles is compatible with a direct involvement of CReP in membrane traffic, not ruling out the possibility that CReP recruits proteins which affect membrane curvature or other relevant parameters/events.
Although CReP has not been linked to membrane traffic before, its association with membranes has been noted in a recent paper focusing on PPP1r15A/GADD34 (79), which was published as the present work was in progress. Regarding membrane association of CReP, our data extend the observations of Zhou et al., by showing that endogenous CReP associates with both the ER and the PM, second, that like in the case of GADD34, an N-terminal amphipathic α-helix confers ER-localization of CReP; and that overexpressed CReP induces and decorates vesicles. Notably, overexpression of GADD34 leads to distension of the ER, but vesicle induction was not reported (79) . ERlocalization of both CReP and GADD34 appears to be at least in part determined by amphipathic α-helices in their N-termini. However, the overall sequences of the N-termini of CReP and GADD34, and also of the α-helices responsible for ER-localization share no significant homology, in keeping with the different effects of the two PPP1r15 proteins on ER-morphology.
Short amphipathic α-helices have been implicated in the generation of membrane curvature and budding (80) (81) (82) (83) (84) (85) . In line with this, vesicle induction by EGFP-CReP(1-140) depended on a short amphipathic α-helix within the N-terminus. That vesicle induction did neither require PP1c nor CReP´s putative PP1c-binding domain is compatible with the idea that the vesiculation phenomenon relates to CReP´s role for endocytosis of α-toxin, because this too was independent of PP1c.
Few publications on PPP1r15B/CReP are available in the literature. One study based on gene knock-out in mice provided important information on CReP´s role in vivo. Although one conclusion from these experiments was that CReP acts in a rather linear fashion during murine development (CReP modulates the phosphorylation of eIF2α and this regulates translation initiation), homozygosity for eIF2α S51A did not efficiently rescue the fetal anaemia phenotype observed in CReP knock-out mice (4). In the light of the present findings, and considering the importance of exocytosis for maturation of reticulocytes, this failure of eIF2α S51A to fully rescue anaemia may actually reflect functions of CReP in vivo, related to those uncovered here in vitro.
To conclude, PPP1r15B/CReP impacts membrane-traffic by a PP1c-independent mechanism. To the best of our knowledge, this represents the first example of co-option of regulators of translation initiation by the traffic machinery. 
